Net ecosystem exchange of carbon (NEE) was measured using eddy covariance for four growing seasons at a subarctic hummocky fen in northern Manitoba, Canada. Over a 115-day measurement period each year, cumulative NEE ranged from a gain of 49 g C m -2 to a loss of 16 g C m -2 with a mean loss of 6 g C m -2 from the fen, with an uncertainty of about ±34 g C m -2 .
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Introduction
The Canadian arctic hosts 1/3 of the circumpolar tundra (Bliss and Matveyeva 1992) and is rich in soil organic carbon (C). Tarnocai et al. (2009) estimated that the top 1 m of circumpolar arctic soil has approximately 500 Gt C, 12-25% of the global total. The Hudson Bay Lowlands is especially important because it is the second largest peatland complex in the northern hemisphere (Gorham 1991) . Changes in climatic conditions, such as altered air temperature and precipitation patterns, could have significant effects on this stored C and the net ecosystem exchange of carbon dioxide (NEE) of arctic environments over diurnal to decadal to millennial timescales. NEE is the balance between the photosynthetic uptake of carbon dioxide (gross primary production, GPP) and ecosystem respiration (ER). In arctic and subarctic peatlands, cool summer soil temperatures and saturated soils due to the presence of permafrost generally cause slow rates of decomposition and heterotrophic respiration (Clymo 1984) . Therefore, although these regions have low GPP compared to boreal, temperate and tropical regions, their GPP often exceeds ER, creating a downward (negative) NEE to store C over long periods.
The carbon dynamics of northern peatlands are driven by changes in temperature and water table level, but these drivers tend to have site-specific relationships partly caused by the hydrological regime, and partly caused by the vegetation composition and nature of the ecosystem response. For example, ER at the Mer Bleue bog in central Canada depended more on temperature (r 2 = 0.6) than on water table depth (r 2 =0.1), but this is a relatively dry bog (Lafleur et al. 2005) . At a fen in central Alberta, Canada, Cai et al. (2010) reported that although both GPP and ER increased with warmer temperatures, ER increased more, which decreased net C uptake. At a subarctic fen at Churchill, Manitoba underlain by continuous permafrost, Burton et al. (1996) reported GPP and ER increased with warmer and drier conditions in late D r a f t
July compared to cooler and wetter conditions in early August of 1993 . Schreader et al. (1996 reported a net loss of 22 g C m -2 under unprecedented warm and dry conditions at the Churchill fen in the summer of 1994 (hottest and driest growing season in 50 years). They suggested GPP was unaffected but ER increased during this year. Frolking et al. (2011) summarized a large number of peatland studies where temperature and water table effects were measured. Although there was variability in response, NEE typically had less C uptake under warmer temperatures and more uptake with lower water tables. There are only a few peatland sites where annual NEE has been measured over several years. Lund et al. (2010) evaluated seven wetland sites from Europe and North America where full years of NEE measurements were made using eddy covariance (24 site years). The sites were C sinks on average with NEE of -103 g C m -2 y -1 , but had highly variable relationships of GPP and ER components with NEE. However, long-term work in Alaska indicates that some ecosystems have changed from C sources to sinks, with water table lowering being a contributing factor (Oechel et al. 1993; Oechel and Vourlitis 1994) .
These general observations are captured in models of the C dynamics of peatlands. For example, the CLASS wetland model dictates that C cycling in bogs and fens is more sensitive to temperature than precipitation (Wu et al. 2012) , and a Holocene peat model estimates that drier periods have caused loss of C during the Holocene (Frolking et al. 2010 ). These models have been used to estimate the likely changes that may occur in future climates (Frolking et al. 2011) .
Some model results suggest that fens are more sensitive than bogs to climate change, and that fens may become C sources in the future (Wu and Roulet 2014) .
In Canada, multi-year flux studies of both NEE and methane have been conducted at the Mer Bleue bog near Ottawa, and the Western Peatlands fen in Alberta. These sites use eddy covariance to measure fluxes over a broad footprint (Chen et al. 2012 ). Both of these peatlands were typically C sinks with NEE of the order of more than -100 g C m -2 y -1 at the fen (Syed et al.
2006, Long et al. 2010) and -40 g C m -2 y -1 at the bog (Roulet et al. 2007 ), but neither have permafrost. Methane emissions were on the order of 2 to 4 g C m -2 y -1 (Roulet et al. 2007 , Long et al. 2010 . In addition to these sites, extensive flux studies have taken place in permafrostdominated landscapes in the Northwest Territories Humphreys 2008, Humphreys and Lafleur 2011) , in the Hudson Bay Lowlands (Humphreys et al. 2014) , and at a subarctic fen at Churchill, Manitoba, Canada. The Churchill studies began in the 1990s (Burton et al. 1996; Schreader et al. 1998; Griffis et al. 2000a; Griffis et al. 2000b; Lafleur et al. 2001; Rouse et al. 2002) and have periodic continuity to recent years, although the methods have changed from gradient techniques to eddy covariance. At this same subarctic fen near Churchill, we previously reported the seasonal dynamics of methane fluxes for 2008 to 2011 measured using eddy covariance (Hanis et al. 2013 ). In the current study, we report on NEE over the same period and the greenhouse gas budget (including methane) for this site. We investigate the driving forces contributing to variability in NEE among years, hypothesizing that the fen is affected by both temperature and water table changes. Lastly, we retrospectively evaluate if NEE has changed over approximately two decades, mindful of the uncertainty of our ability to discern differences among relatively small fluxes that occur over this peatland.
Data and Methods
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STUDY SITE
The study site is a subarctic palsa fen (NWWG, 1997) near Churchill, Manitoba, Canada (58° 39' 57" N, 93° 49' 48" W) located approximately 10 km inland from the Hudson Bay coastline. It is within the zone of continuous permafrost (Brown 1970) , and the active layer can extend to a depth of more than 1.5 m by early fall. The fen is comprised of hummocks, sedgelawns, and hollows having up to 40 cm of peat over carbonate-rich glaciomarine sediments (Rouse et al. 2002) . Although we do not have peat measurements at this fen, peat development has occurred for over 6000 years in the area (Kuhry 2008) . The fen is about 1.7 x 1.3 km in size.
The sedge-lawns cover approximately 55% of the fen (Raddatz et al. 2009 ) and are dominated by the sedge Carex aquatilis Wahlenb and an understory of the moss, Pseudocalliergon turgescens (Jensen) Loeske. Other sedges, cotton grass, rushes, and horsetails are also present (Hanis et al. 2013) . New shoots of C. aquatilis emerge shortly after spring melt from mid-to late-June, flowering occurs in mid-July and senescence begins in late-August. The sedge-lawns are situated at the mean water- collected at a 10 Hz frequency. At Station 1, the CSAT3 and LI-7500 were installed on a mast at a height of 3.9 m above the fen's surface facing due north, separated by 20 cm horizontal distance and oriented perpendicular to the ground surface. At Station 2, the CSAT3 and LI-7500
were installed on a mast extending outwards from the northwest corner of a 4.5 m high scaffold at a height of 4.3 m above the fen's surface facing due north. The CSAT3 was perpendicular to the ground surface, while the LI-7500 was center-mounted at a 35° angle with a minimum horizontal separation of 20 cm from the CSAT3. The atmospheric methane concentration was measured using a closed-path analyzer (RMT-200 Fast Methane Analyzer (Los Gatos Research Inc., Mountain View, CA) (Baer et al. 2002; Hendriks et al. 2008; Baldocchi et al. 2011 ) at 10
Hz frequency. A detailed description of the RMT-200 set-up is given in Hanis et al. (2013 
DATA ANALYSIS
Half-hourly eddy covariance fluxes were calculated for NEE and F CH4 using MATLAB (R2007a, The Math Works Inc., Natick, MA) user-defined functions. Spikes in the measured high-frequency data were removed based on thresholds to identify single spurious values. Blockaverage covariances were calculated without detrending and then coordinate rotated for each 30-min period (Tanner and Thurtell 1969) . The covariances were maximized half-hourly by adjusting lag delays. Density effects were corrected for both heat and water vapour for the openpath CO 2 systems (Webb et al., 1980) . Self-heating of the LI-7500 analyzer was included based on the corrections (Method 4) of Burba et al. (2008) . However during frozen periods when conditions should have been respiration-dominated, our 30-min fluxes often showed a net uptake of CO 2 by the ecosystem. This phenomenon has been well documented at other cold sites (Amiro 2010 ), so we excluded measurements of NEE when the air temperature was below 0˚C prior to gap-filling. This accounted for 4% of the data over the four seasons.
NEE data were filtered when rain and particles intercepted the sensor path based on the analyzer's diagnostic report. NEE determinations were also filtered to remove half-hour periods at night (PAR < 10 µmol m -2 s -1 ) when the friction velocity was below a threshold of 0.2 m s -1 (Hanis et al. 2013 ). All NEE from Station 2 were also filtered to remove half-hourly periods when the wind direction was 135 -225° to exclude directions from the tower and gas-powered generator. Filtering of F CH4 is described in Hanis et al. (2013) . After data filtering for periods with low friction velocity, as well as other quality control checks, data coverage for the study The governing equations are:
where p(t) is a parameter that varies in time representing the short-term fluctuations of GPP with incoming PAR, Q. α represents quantum yield and P is GPP at light saturation. (1) and (2) are removed, the functions calculate the slower response to driving environmental variables (Q, T s ) allowing seasonal trends to be examined.
GPP was set to zero at night and when the air temperature was below 0°C. Missing NEE was then resolved using calculated ER and GPP. We found that this method under-estimated ER in spring and fall during periods when the sedge vegetation had senesced and temperatures were warm, so we adjusted ER during these periods by allowing ER = NEE (i.e., GPP could not be a C loss). Larger gaps in F CH4 were filled by using a linear regression between F CH4 and T s as described in Hanis et al. (2013) . This relationship had an r 2 of 0.95 for the temperature range of 0 to 15°C. Since F CH4 was not measured during the 2007 season, it was modelled using this same regression to estimate the contribution of F CH4 to the overall carbon and greenhouse gas budgets for the fen.
The common observational period when NEE was measured during all four study years was the 115 days from 19 June (DOY 170) to 11 October (DOY 284). Although we focus on this period for the present comparison, it is instructive to estimate annual fluxes for this ecosystem.
Hence, NEE and F CH4 were modelled for the remaining parts of the year when frozen conditions dominated (DOY 1 -169 and 285 -366). For F CH4 , we assumed a flux of zero for this period, as demonstrated by Hanis et al. (2013) for frozen conditions. For NEE, night-time fluxes were regressed against air temperature for periods between 0 and 10˚C. The exponential relationship of NEE = 1.07x10 -15 e 0.1218*T (where NEE is in µmol m -2 s -1 and T is degrees K; r 2 = 0.76) was extended for colder temperatures (e.g., normal January mean air temperature = -26 °C). We recognize that this is a rough approximation over the frozen season, but we only use it to estimate annual carbon and greenhouse gas budgets. Atmospheric gains are defined as positive
fluxes. Calculations of global warming potential for methane used a factor of 28 on a mass basis over a 100-year timescale (Myhre et al. 2013) .
Results
ENVIRONMENTAL CONDITIONS
Seasonal environmental conditions from the nearby Churchill airport (Table 1) from May until July, followed by a cooler-than-normal trend through August and September, with continued drier-than-normal conditions in August. In 2008, spring-melt (May) and midsummer (July) conditions were drier than normal, followed by a warmer-and wetter-than-normal August, and a drier-than-normal fall (September to November). In 2010, wetter-than-normal conditions were present from spring-melt to late growing season (May to August), with July being warmer than normal and August being cooler than normal. Fall conditions (September to November) were drier and warmer than normal. The 2011 study period was cooler than normal in May and then warmer than normal from the peak of the growing season until late fall (July to November). Normal precipitation occurred in the early and peak growing season (June and July), whereas wetter-than-normal conditions were present in August and October, and drier-than- 
NET ECOSYSTEM EXCHANGE OF CARBON
Cumulative gap-filled NEE (ƩNEE) shows the seasonal pattern in C gains and losses over the four years (Fig. 2) . In 2007, ƩNEE was positive (loss of CO 2 to the atmosphere) until DOY 186, and then the fen began to take up CO 2 until DOY 230, after which there was little change for the remainder of the measurement period. In 2008, loss of CO 2 to the atmosphere occurred until DOY 188, and then the fen began to take up CO 2 until DOY 222. In mid-summer there was another net loss of CO 2 from DOY 223 -229, followed by uptake from DOY 230 -242, and finally, net loss from DOY 243 until the end of the measurement period. In 2010, there was a net loss of CO 2 until DOY 190, followed by CO 2 uptake until DOY 220, then a period of little change until DOY 253, after which a large loss occurred to the end of the measurement period.
The rapid period of NEE changing from uptake to neutrality in 2010 at about DOY 230 to 240 coincided with the large precipitation event and water table rise (Fig. 1) . In 2011, loss of CO 2 to the atmosphere occurred until DOY 183, followed by a large uptake until DOY 252, and then a slow loss of CO 2 compared to other years for the remainder of the measurement period. There We evaluated uncertainty by considering four sources of variability. First, we assumed that the flux calculation uncertainty was about 5% (e.g., Elbers et al. 2011) or 0.6 g C m -2 on average.
Next we evaluated the uncertainty caused by the use of the heating correction of Burba et al. 2008) . On an annual basis in cold environments, this correction can give differences of NEE of about 150 g C m -2 compared to no correction (Amiro 2010 ). For our fen site during the growing season, the mean difference for the four years was 34 ± 5.4 (S.D.) g C m -2 , where the correction makes NEE more positive (i.e., it is a bias that decreases C uptake). We have assumed that using the correction is preferable to ignoring it, but we acknowledge that the gas analyser at our Station 2 was on an angle that was not consistent with the intended geometry, so that the correction has additional uncertainty that depends on wind direction. The third source of uncertainty was the selection of the u * threshold. This was difficult to define because of the scatter in the small NEE values, and we used a value of 0.2 m s -1 to be consistent with Hanis et al. (2013) at the same site. 
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Partitioning of NEE into GPP and ER (gapfilled) allows for examination of the environmental effects on ecological processes. In all years, our study period captured the period of growth (GPP>0; note that our convention for GPP is positive when the ecosystem gains carbon) (Fig. 3) . near zero, whereas ER had a slight lag, but the high water table kept both processes near zero until it lowered by at least 10 cm over the following week (Fig. 1) . This period was an anomaly because GPP recovered more than ER initially, whereas ER continued at a relatively high rate after the end of the growing season (post DOY 253). We examined the seasonal trends in GPP and ER through the slow-response functions in Equations (1) and (2); i.e., removing p(t) and a(t)
to plot the moving window (Fig. 4) . 
Discussion
WATER TABLE AND TEMPERATURE AS DRIVERS OF NEE
The dynamic nature of the water (Figs. 2, 3) . However, the August flooding in 2010 inhibited both GPP and ER (Fig. 4) decreased with higher water tables, but this only explained 30% of the variability. Phenological development affects autotrophic respiration and substrate available for decomposition, and variability among years seems to occur mostly in spring and autumn, with the exception of the flooding in 2010 (Fig. 4) .
Temperature effects can be evaluated by looking at both the spring and fall influences on NEE and its components. The large ER in spring 2008 from about DOY 170 to 190 (Fig. 3) cannot be attributed to obviously higher June temperatures (Table 1 ) and a plot of cumulative temperature over time does not show this spring to be warmer than other years (data not shown).
For the fall period, 2010 has large ER from about DOY 255 -284, but this cannot be attributed D r a f t to temperature given that September 2011 was warmer and did not show this large ER (Table 1, Figs. 2, 3). Lafleur and Humphreys (2008) and Humphreys and Lafleur (2011) Extreme events, such as a very high or low water table, have shown differences among years. At the same fen in 1993, Burton et al. (1996) found that ER was nearly three times higher during a dry period (July 18 -29) than a wet period (July 30 -August 24) but the water level differences might have been more drastic than those that we observed. Similarly, a drought period in 1994 at the fen at Churchill was 2˚C warmer and rainfall was 55% lower than normal so that the water table dropped 25-30 cm below the mean sedge-peat surface; this decreased NEE to only -0.05 g C m -2 d -1 during the peak growing period of June 22 -Aug 8 (Schreader et al.
1998). Rouse et al. (2002) reported on five years of NEE for the fen at Churchill in the late 1990's and found that the years with the largest CO 2 uptake by the ecosystem had warmer-thannormal air temperature and normal to wetter-than-normal precipitation, which supports our observations during the 2011 study period. At the Churchill fen, mosses contribute to NEE, but D r a f t likely have the most impact in the spring before the sedges develop (Griffis et al. 2000b ), or perhaps later after the sedges senesce. Dry periods would adversely affect moss photosynthesis, but we cannot see any spring or fall impact on GPP that could be attributed to inhibited moss function, possibly because there was adequate water at those times. Clearly, sedge development dominates GPP because the response function peaks much later than the solstice, even though mosses can photosynthesize earlier (Fig. 4) .
Observations of water-level effects on NEE at other peatlands usually have greater contrasts. 
THE CARBON AND GREENHOUSE GAS SINK VERSUS SOURCE POTENTIAL
The subarctic fen at Churchill had a net NEE accumulation for the 115-day study period ranging from -49 to 16 g C m -2
, with an average of -6 g C m -2 (Fig. 2) . . We estimate our overall uncertainty to be about 34 g C m -2 , indicating that only 2011 was different from C neutrality during the growing season. Previous studies at the same Churchill fen from June to August, 1993 to 1999 (average measurement period of 68 days) reported cumulative NEE ranging from -64 to 22 g C m -2 , with an average of -18 g C m -2 (Burton et al. 1996; Schreader et al. 1998; Griffis et al. 2000a; Griffis et al. 2000b; Lafleur et al. 2001) . For the same period of mid-June to late August in our four years, ƩNEE ranged from -47 to -5 g C m -2 with an average of -21 g C m Alaska sites still had a net annual carbon loss once winter respiration was considered (Oechel et al. 2000) .
For global carbon budget estimates, we require full annual estimates of greenhouse gas exchange. This is clearly a challenge in these northern environments where most direct measurements have only been during the growing season. To arrive at an annual total for 1994 -1999 at the Churchill fen, Rouse et al. (2002) used an over-winter emission rate of 0.14 g C m from a permafrost plateau (Olefeldt and Roulet 2014) to 15 g C m -2 y -1 measured in a temperate bog (Roulet et al. 2007) . Assuming that lateral inputs of inorganic and organic C in water are small, this fen has been losing C in recent decades based on our measurements and those from the 1990s, which indicates that some subarctic wetlands are currently carbon sources. However, historic peat accumulation may have occurred during periods of higher water tables, which inhibits respiration.
The methane emissions add to the net greenhouse gas flux, especially with the global warming potential of 28 times that of CO 2 over a 100-year timescale (Myhre et al. 2013) . Thus, small emissions of methane with respect to the carbon budget (4.0 to 5.7 g C m -2 y -1 ) have larger implications to the overall annual greenhouse gas budget (emissions of 151 to 213 g CO 2 -eq m -2 y -1 ). Therefore, when taking methane into account, the fen was an annual greenhouse gas source 
